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The late Paleozoic evolution of the Wulijishanhen (WSH)-Shangdan (SD) area near to the Chaganchulu
Ophiolite belt is reinterpreted. Analysis of the upper Carboniferous to lower Permian sedimentary
sequence, biological associations, detrital materials, sandstone geochemistry and volcanic rocks indicates
that the SD area was an epicontinental sea and rift during the late Paleozoic rather than a large-scale
ocean undergoing spreading and closure. This study reveals that the actual evolution of the study area
is from the late Carboniferous to the early Permian. The fusulinids Triticites sp. and Pseudoschwagerina sp.
in the limestones demonstrate that the Amushan Formation develops during the late Carboniferous to
the early Permian. The limestones at the base of the SD section indicate that it is a stable carbonate
platform environment, the volcanic rocks in the middle of the sequence support a rift tectonic back-
ground, and the overlying conglomerates and sandstones are characteristic of an epicontinental sea or
marine molasse setting. The rift volcanism made the differences in the fossil content of the SD and WSH
sections and led to two sections expose different levels within the Amushan Formation and different
process of tectonic evolution. Moreover, the geochemical characteristics and detrital materials of the
sandstones show that the provenance and formation of the sandstones were related to the setting of
active continental margin. The quartz-feldspar-lithic fragments distribution diagram indicates that the
material source for the sandstones was a recycled orogenic belt. Thus, the source area of the sandstones
may have been an active continental margin before the late Carboniferouseearly Permian. The charac-
teristics of the regional tectonic evolution of the area indicate that the region may form a small part of
the GobieTianshan rift of southern Mongolia.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The Central Asian Orogenic Belt (CAOB), one of the world’s
largest accretionary orogens, extends from the Altai Mountains in
the west, through Xinjiang (NW China) and Mongolia to Inner
Mongolia and the Xinganling Mountains in northeastern China
(Xiao and Santosh, 2014). The CAOB is an accretionary orogen
(Badarch et al., 2002; Jahn, 2004; Helo et al., 2006; Windley et al.,of Geosciences (Beijing).
ijing) and Peking University. Produc
d/4.0/).2007) consisting of ophiolites, volcanic arcs and microcontinents
formed largely by subduction and accretion of juvenile material
from the Neoproterozoic to the Paleozoic, with some activity during
the Triassic (Agramonte et al., 2011; Alexeiev et al., 2011; Xu et al.,
2013; Kröner et al., 2014; Su et al., 2014). Inner Mongolia occupies a
key central position in the CAOB, it is bordered by the Siberian plate
to the north, the Tarim plate to the west and the North China plate
to the south (Xiao and Santosh, 2014). The Alxa region of Inner
Mongolia is crucial to understand the closing time and tectonic
evolution of the middle part of the southern CAOB. The Paleozoic
tectonic evolution of the Alxa area was complex (Wang et al., 1994,
1995; Shao et al., 2011; Zhang et al., 2013). The terranes within the
CAOB include island arcs, continental margins, accretionarytion and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
H. Yin et al. / Geoscience Frontiers 7 (2016) 733e741734wedges, passive continental margins, microcontinents and conti-
nental margin arcs. The sedimentary sequences within these ter-
ranes record a great deal of information about the evolution of the
orogenic belt. So, study of the sedimentology, paleontology,
geochemistry and stratigraphy of these rocks can elucidate the
history and evolution of the CAOB. Many lithotectonic units were
formed in several accretionary events during the Paleozoic and
Mesozoic (Xiao and Santosh, 2014; Kröner et al., 2014), among
which the Amushan Formation plays an important role in the Alxa
area (Wang et al., 1994). Analysis of this formation may help to
explain the tectonic evolution of the middle part of the southern
CAOB.2. Geological setting
There are three fault belts in the Alxa area, which are the Yagan,
Engelwusu and Chaganchulu fault belts from the north to the
south (Wu and He, 1992, 1993; Wang et al., 1994). On the basis of
these fault belts, the northern Alxa area can be divided into four
tectonic subunits with different geological characteristics
including the Yagan tectonic zone, the ZhusilengeHangwula tec-
tonic zone, the ZongnaishaneShalazhashan tectonic zone (ZSTZ)
and the NuoergongeLangshan tectonic zone (Wu and He, 1992;
Wang et al., 1994; Shi et al., 2014; Zheng et al., 2014) (Fig. 1). The
Paleozoic sequence in the ZSTZ, which is named the Amushan
Formation, mainly consists of the CarboniferousePermian inter-
mediateebasic lavas and related clastic and carbonate rocks. Two
sections (Fig. 2) have been measured in the Wulijishanhen (WSH)
and Shangdan (SD) areas to determine the sedimentaryetectonic
evolution of the Chaganchulu area and obtain ﬁeld-based data and
paleontological dating of the sedimentary sequences.
The upper Carboniferous to the lower Permian Amushan For-
mation, named by Geological Team 241 of the Chinese Department
of Geology in 1995, is deﬁned as marine strata consisting of thickFigure 1. Schematic geological mcarbonate rocks and a large number of fusulinids, corals and
brachiopods.
In the SD section, the fusulinid Triticites sp. (Fig. 3), a zonal fossil
for the later part of the late Carboniferous were obtained from thick
carbonate rocks, and the conodonts Idiognathodus delicatus Gun-
nell, 1931 and Hindeodella sp. (Fig. 3) were obtained from calcar-
eous gravel. In the WSH area, only a few Triticites sp. were collected
from a thin layer at the base of the WSH section. The fusulinid
Pseudoschwagerina sp., which is widely distributed in the early part
of the early Permian, are abundant in the WSH section except the
base, but Pseudoschwagerina sp. was not found in the SD section.
The difference in the assemblage of the fossils collected from the
two sections suggests that the rocks in the section may be formed
in different areas or at different times or even there would be
some geologic event happened to interrupt the evolution of
biostratigraphy.
3. Sedimentary sequence and petrology
3.1. Sedimentary sequence
The sediments of the WSH section appear to deposit in a car-
bonate platform environment, as indicated by the thick bioclastic
limestone and the abundance of fossils (fusulinids, brachiopods,
corals and crinoid stems; Fig. 4). The biostratigraphy sequence from
Triticites sp. to Pseudoschwagerina sp. indicates a continuous era
change from the late Carboniferous to the early Permian in theWSH
area, which has important implications for the architecture of
geological evolution and sedimentary sequence, even the rocks of
the WSH section are relatively simple.
The SD section can be divided into three parts from the base to
the top: carbonate rocks, conglomerate and volcanic rocks and
clastic rocks. The thickness of the sequence is at least 2377.3 m. The
bottomof the section has been intruded by granodiorite and the top
is covered by Mesozoic strata.ap of the north of Alxa area.
Figure 2. Stratigraphic sections of the (A) SD area and (B) WSH area of the north of Alxa.
H. Yin et al. / Geoscience Frontiers 7 (2016) 733e741 735The thickness of the lower part of the section is approximately
900 m. The rock is comprised of bioclastic limestone, calcareous
sandstone, sandy limestone, calcarenitic grainstone, calcisiltite and
pelsparite. The sediments in the lower part of the SD section appearFigure 3. Fossils in study section: (A) fusulinid in the SD section: 1. Triticites sinuosus; 2. Tri
Triticites amushanensis; 7. Triticites oryziformis; 8. Triticites jigulensis; 9. Quasifusulina longissi
Idiognathodus delicatus Gunnell; 2. Hindeodella sp. (C) Fusulines in the WSH section: Pseudoto develop in a carbonate platform environment including both
open-platform subfacies and platform-margin shoal subfacies, as
indicated by the thick bioclastic limestone and abundant fossils.
The tectonic background appears to be relatively stable during theticites chinensis; 3. Triticites iatensis; 4. Triticites winterensis; 5. Triticites alugongensis; 6.
ma; 10. Triticites parvulus; 11. Quasifusulina spatiosa. (B) Conodonts in the SD section: 1.
schwagerina sp.
Figure 4. Fossils in the WSH section: (A) solitary coral; (B) the fusulinid of Triticites sp.; (C) brachiopods; (D) crinoid stems; (E) the fusulinid of Pseudoschwagerina sp.; (F) crinoid
stems.
Table 1
Major elements (wt.%) and part of trace elements of volcanics in the SD section.
Sample 25-1 25-2 25-3 26-1 26-2 27
SiO 58.22 59.23 60.30 61.62 64.36 74.95
H. Yin et al. / Geoscience Frontiers 7 (2016) 733e741736deposition of thick limestone. Themajor rocks exposed in the top of
the SD section are sandstones that appear to deposit in a neritic
environment according to the petrological characteristics
(discussed in Section 3.2) of the sandstones.Figure 5. Classiﬁcation diagrams for volcanic rocks. Plot of total alkalis vs. silica (after
Le Maitre, 2002).
2
Al2O3 15.79 16.34 15.27 15.35 14.69 11.69
TiO2 0.98 1.12 1.24 0.56 0.51 0.53
Fe2O3 2.03 1.29 2.66 1.08 0.84 2.08
FeO 3.71 4.38 2.95 3.11 2.66 2.28
CaO 4.92 3.27 3.93 4.42 4.12 0.33
MgO 3.17 3.57 2.09 2.15 1.95 1.45
K2O 0.75 0.86 0.92 1.48 1.01 2.33
Na2O 4.20 4.38 4.06 3.02 3.00 1.22
MnO 0.087 0.077 0.066 0.071 0.06 0.028
P2O5 0.25 0.280 0.369 0.14 0.15 0.135
H2Oþ 3.40 5.43 3.71 3.62 3.26 2.59
H2O 0.33 0.38 0.60 0.38 0.31 0.28
LOI 5.83 5.08 6.06 6.58 6.21 2.84
Total 99.94 99.86 99.89 99.58 99.54 99.88
Th 5.12 8.52 5.38 3.01 2.79 12.36
Hf 5.36 6.26 7.93 3.26 2.92 7.73
Ta 0.55 0.69 0.73 0.34 0.32 1.21
Zr 899.8 223.7 281.6 507.0 445.6 189.3
Ti 5860 6707 7426 3369 3037 3164
*The samples were oven dried at 40 C, homogenized and subsequently powdered
to 230 mesh in an agate mortar. The oxides of major elements were measured by X-
ray Fluorescence (XRF) spectrometry technique in Hebei Institute of Regional
Geological and Mineral Resource Survey, Langfang, Hebei Province, China.
Figure 6. The Ta/HfeTh/Hf discrimination diagram of the volcanic rocks in the SD
section (after Y.L. Wang et al., 2001).
Figure 7. The TieZr discrimination diagram of the volcanic rocks in SD section (after
Pearce, 1995).
Figure 8. Photographs of conglomerates and Photomicrographs of sandstones from the SD se
conglomerate. (B) The component ofﬁne gravels is quartz and sedimentary rock cutting inﬁne c
(including sedimentary rock cuttings, bioclasts and limestone) and little feldspars (F), with ca
Figure 9. Cumulative probability curve of sandstone fragment of the Amushan For-
mation in the SD section (for grading analysis, thin sections of 21 representative
sandstone samples were cut and point-counted. Using the Gazzi-Dickinson point-
counting method (Gazzi, 1966; Dickinson, 1970), 400 to 500 points were counted for
each thin section. F¼(1/2.3)  logD, D ¼ the diameter of detrital grain, in mm).
H. Yin et al. / Geoscience Frontiers 7 (2016) 733e741 737Themiddle section, the most important part of the SD section, is
mainly composed of calcareous sandstone, conglomerate and vol-
canic rocks. In the total alkaliesilica diagram (Fig. 5, Table 1), the
volcanic rocks includes andesite, dacite and rhyolite. Although,
typical bimodal volcanic rocks have not been identiﬁed, the Ta/
HfeTh/Hf and TieZr discrimination diagrams (Figs. 6 and 7) indi-
cate that the tectonic setting was intraplate and there was a rift in
the SD area. The volcanism, which made the WSH and SD areas,
contains different sedimentary environments and experiences
different processes of tectonic evolution playing a prominent role
in the regional evolution.ction, Amushan Formation. (A) The component of medium-grain gravels is limestone in
onglomerate. (C,D) The detritial grainswithin sandstones is quartz (Q), rock fragments (L)
lcareous interstitial ﬁllings, and low grade of maturity rock structure and contents.
Figure 10. The quartzefeldsparelithic fragments (Q-F-L) distribution diagram of
sandstone fragment of Amushan Formation in the SD section (for petrography analysis,
thin sections of 21 representative sandstone samples were cut and point-counted.
Using the Gazzi-Dickinson point-counting method (Gazzi, 1966; Dickinson, 1970),
400 to 500 points were counted for each thin section.).
H. Yin et al. / Geoscience Frontiers 7 (2016) 733e7417383.2. Petrology
Most gravel clasts in the conglomerate of the SD section are
characterized by calcareous (Fig. 8), and are almost coarse-grained.
The ﬁne gravels are composed of quartz and sedimentary rock
clasts (Fig. 8). Detrital grains within sandstones of the SD section
include quartz, rock fragments, small amounts of feldspar, heavy
minerals and carbonaceous matter (Fig. 8). The rock fragments are
clasts of sedimentary rock. The grains are well-sorted but poorly
rounded and the interstitial ﬁllings within the sandstones are
calcareous, indicating that the sandstone is low-maturity (Fig. 8).
The cumulative probability curve of sandstone grain-size (Fig. 9)
has a three-part form, indicating that movement of clastic particles
was by rolling, jumping and suspension, the result of tractiveTable 2
Major elements (wt.%) of sandstones from the SD section.
Sample 23 24 28 30 35 38
SiO2 85.66 64.65 71.59 70.84 69.64 69
Al2O3 5.93 9.00 12.39 11.65 9.81 11
TiO2 0.33 0.67 0.60 0.63 0.44 0
Fe2O3 0.87 1.54 1.20 2.04 1.40 1
FeO 1.89 3.11 2.66 3.02 2.75 1
CaO 0.65 8.11 1.81 1.58 4.69 3
MgO 1.17 1.58 1.89 2.26 1.85 1
K2O 0.83 1.28 2.81 1.96 1.77 2
Na2O 0.55 0.68 0.24 1.90 1.26 1
MnO 0.025 0.070 0.029 0.059 0.090 0
P2O5 0.11 0.238 0.135 0.04 0.094 0
H2Oþ 1.53 3.03 3.36 2.58 2.81 2
H2O 0.10 0.45 0.36 0.18 0.29 0
LOI 2.05 8.93 4.52 3.73 6.11 5
Total 100.08 99.86 99.86 99.71 99.91 99
CIA 74.41 47.18 71.83 68.16 55.97 63
FM 3.74 5.92 5.48 7.01 5.73 5
Al/Si 0.07 0.14 0.17 0.16 0.14 0
K/Na 1.51 1.88 1.03 1.41 2
A/CN 4.92 1.02 6.05 3.35 1.65 2
*The samples were oven dried at 40 C, homogenized and subsequently powdered to 23
Fluorescence (XRF) spectrometry technique in Hebei Institute of Regional Geological and
OI¼Oceanic island arc. CI¼ Continental island arc. ACM ¼ Active continental margin. PCM
Na2O; A/CN¼Al2O3/(CaO þ Na2O).
The average value of the characteristic parameters of major element in the sandstone
(Na2O þ CaO) ¼ 3.38.currents in a neritic environment (Zheng, 1982; Resentini et al.,
2013). Complexity analysis of clastic particles was also per-
formed: the quartz-feldspar-lithic fragments (Q-F-L) distribution
diagram of sandstone (Fig. 10) demonstrates that the source of the
material in sandstones was a recycled orogenic belt. The sediments
described above are characterized by rapid accumulation, as
demonstrated by the composition and origins of the terrigenous
detrital materials, andmay indicate an epicontinental sea ormarine
molasse environment.
4. Sandstone geochemical characteristics
The chemical composition of sandstones is affected by the
components of the source region, the migration process and the
depositional environment (Bhatia and Crook, 1986; Nesbitt and
Young, 1989; Fedo et al., 1995; Roser et al., 1996; Zhao, 1997).
Therefore, the geochemical characteristics of sandstones can to
some extent reﬂect the tectonic characteristics of the study area.
4.1. Major elements
The major-element concentrations of the sandstones of the SD
section are presented in Table 2. Bhatia and Crook (1986) divided
sedimentary basins into four categories on the basis of tectonic
setting: oceanic island arc, continental island arc, active continental
margin and passive continental margin. Bhatia and Crook (1986) also
listed the characteristic parameters of the sandstones, andpointedout
that he levels of TiO2, Fe2O3t þMgO, Al2O3/SiO2, Al2O3/(Na2Oþ CaO)
and K2O/Na2O are most useful for determining the tectonic environ-
ment. The average values of the sandstones in the SD section (Table 2)
reﬂect island-arc and active continental margin tectonic settings.
The possible tectonic settings of the sandstones can also be
identiﬁed by using the discrimination diagrams of Bhatia and Crook
(1986). In the discrimination plots (Fig. 11), the different distribu-
tions of the samples reﬂect a complex tectonic setting. The majority
of samples represent both island-arc and active-continental-
margin settings, meaning that all the sandstones deposit in a
tectonically active environment.41-1 41-2 OI CI ACM PCM
.37 72.59 76.34 58.83 70.69 73.86 81.95
.78 11.77 10.16 17.11 14.04 12.89 8.41
.56 0.52 0.41 1.06 0.64 0.46 0.49
.99 1.27 1.20 1.95 1.43 1.30 1.32
.84 2.66 2.30 5.52 3.05 1.58 1.76
.12 1.50 1.17 5.83 2.68 2.48 1.89
.82 1.85 1.61 3.65 1.97 1.23 1.39
.59 2.33 1.58 1.60 1.89 2.90 1.71
.09 1.52 1.89 4.10 3.12 2.77 1.07
.057 0.038 0.051 0.15 0.10 0.10 0.05
.121 0.112 0.100 0.26 0.16 0.09 0.12
.81 2.70 2.25
.35 0.28 0.21
.53 3.74 3.09
.87 99.90 99.90
.42 68.78 68.65
.47 5.51 4.88 11.73 6.79 4.63 2.89
.17 0.16 0.13 0.29 0.20 0.18 0.10
.38 1.53 0.84 0.39 0.61 0.99 1.60
.80 3.90 3.32 1.72 2.42 2.56 4.15
0 mesh in an agate mortar. The oxides of major elements were measured by X-ray
Mineral Resource Survey, Langfang, Hebei Province, China.
¼ Passive continental margin. FM¼ Fe2O3t þMgO; Al/Si¼Al2O3/SiO2; K/Na¼K2O/
s: TiO2 ¼ 0.52, Fe2O3t þ MgO ¼ 5.47, Al2O3/SiO2 ¼ 0.14, K2O/Na2O ¼ 1.51, Al2O3/
Figure 11. The discrimination diagram of the sandstones in the SD section (after Bhatia and Crook, 1986). A ¼ Oceanic island arc, B¼ Continental island arc, C¼ Active continental
margin, D ¼ Passive continental margin.
Table 3
Trace and rare earth element (106) of sandstones in the SD section.
Sample 23 24 28 30 35 38 41-1 41-2 OI CI ACM PCM
Th 5.43 8.95 12.15 22.99 8.85 11.84 13.26 10.14 2.27  0.7 11.1  1.1 18.8  3.0 16.7  3.5
U 1.19 3.46 2.76 2.49 2.45 3.26 3.07 2.15
Zr 216.5 237.1 200.2 516.2 131.1 150.4 167.2 152.0 96  20 229  27 179  33 298  80
Nb 5.33 11.83 11.98 15.63 11.53 14.49 13.14 9.74 2.0  0.4 8.5  0.8 10.7  1.4 7.9  1.9
Ti (%) 0.33 0.67 0.60 0.63 0.44 0.56 0.52 0.41 0.48  0.12 0.39  0.06 0.26  0.02 0.22  0.06
Sc 11.0 10.2 9.1 10.3 10.1 7.8 19.5  5.2 14.8  1.7 8.0  1.1 6.0  1.4
V 45.3 84.2 75.7 100.0 66.0 74.2 70.8 58.7 131  40 89  13.7 48  5.9 31  9.9
Cr 29.0 55.5 43.8 48.5 41.0 44.6 40.1 36.4
Co 5.6 6.9 6.8 10.3 9.6 6.8 7.7 6.6 18  6.3 12  2.7 10  1.7 5  2.4
La 16.40 34.97 36.41 51.75 44.39 33.43 32.90 32.63 8.72  2.5 24.4  2.3 33.0  4.5 33.5  5.8
Ce 31.98 60.53 62.64 95.61 71.71 59.05 58.44 56.01 22.53  5.9 50.5  4.3 72.7  9.8 71.9  11.5
Pr 3.68 7.90 7.95 11.46 9.08 7.68 7.48 7.05
Nd 13.23 30.64 29.05 39.78 33.31 28.73 27.92 25.87 11.36  2.9 20.8  1.6 25.4  3.4 29.0  5.03
Sm 2.55 5.92 5.15 6.92 5.81 5.35 5.22 4.63
Eu 0.59 1.55 1.00 1.19 1.17 1.18 1.05 0.93
Gd 2.28 5.52 4.31 5.96 5.09 4.80 4.46 3.99
Tb 0.38 0.99 0.72 0.91 0.81 0.83 0.78 0.66
Dy 2.26 5.50 3.77 5.01 4.29 4.54 3.92 3.64
Ho 0.45 1.09 0.78 0.95 0.83 0.93 0.78 0.76
Er 1.32 2.89 2.12 2.84 2.14 2.37 2.09 1.95
Tm 0.22 0.51 0.41 0.46 0.37 0.43 0.39 0.34
Yb 1.44 3.15 2.69 3.00 2.27 2.68 2.51 2.19
Lu 0.27 0.47 0.44 0.58 0.33 0.44 0.39 0.36
dCe 0.99 0.88 0.89 0.94 0.86 0.89 0.90 0.89
dEu 0.75 0.83 0.65 0.57 0.66 0.71 0.66 0.66 1.04  0.11 0.79  0.13 0.6 0.56
(La/Yb)N 7.71 7.49 9.12 11.64 13.17 8.41 8.85 10.06 2.8  0.9 7.5  2.5 8.5 10.8
(La/Sm)N 4.05 3.72 4.45 4.70 4.81 3.93 3.97 4.43
(Gd/Yb)N 1.28 1.41 1.29 1.61 1.81 1.45 1.44 1.47
Th/U 4.55 2.59 4.41 9.24 3.62 3.63 4.31 4.72 2.1  0.78 4.6  0.45 4.8  0.38 5.6  0.7
Zr/Th 39.88 26.50 16.48 22.45 14.81 12.71 12.61 14.99 48.0  13.4 21.5  2.4 9.5  0.7 19.1  5.8
La/Th 9.74 12.61 9.67 7.26 16.17 9.11 8.00 10.38 4.26  1.2 2.36  0.3 1.77  0.1 2.20  0.47
La/Sc 10.24 11.47 15.69 10.47 10.52 13.46 0.55  0.22 1.82  0.3 4.55  0.8 6.25  1.35
Th/Sc 0.81 1.19 0.97 1.15 1.31 1.30 0.15  0.08 0.85  0.13 2.59  0.5 3.06  0.8
Ti/Zr 9.27 17.01 17.93 7.36 19.89 22.16 18.78 16.17 56.8  2.14 19.7  4.3 15.3  2.4 6.74  0.9
LREE 174.57 376.19 365.19 520.21 427.18 353.81 344.54 327.28
HREE 49.23 111.85 86.59 107.32 84.68 95.27 85.00 76.88
P
REE 223.80 488.04 451.78 627.53 511.86 449.09 429.54 404.16 58  10 146  20 186 210
LREE/HREE 3.55 3.36 4.22 4.85 5.04 3.71 4.05 4.26 3.8  0.9 7.7  1.7 9.1 8.5
*The samples were oven dried at 40 C, homogenized and subsequently powdered to 230mesh in an agate mortar. The trace and rare elements were analyzed by in-situ laser-
ablation inductively-coupled-plasma mass-spectrometry (LA-ICPMS) in Hebei Institute of Regional Geological and Mineral Resource Survey, Langfang, Hebei Province, China.
OI¼Oceanic island arc. CI¼ Continental island arc. ACM ¼ Active continental margin. PCM¼ Passive continental margin.
The average value of the characteristic parameters of the trace and rare element in the sandstones: Th/U ¼ 4.63, Zr/Th ¼ 20.05, La/Th ¼ 10.37, La/Sc ¼ 8.98, Th/Sc ¼ 0.84, Ti/
Zr ¼ 16.07, dEu ¼ 0.68, (La/Yb)N ¼ 9.56.
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Figure 12. REE patterns of the sandstones in the SD section.
Figure 13. The discrimination diagram of the sandstones in the SD section (after
Bhatia and Crook, 1986). A ¼ Oceanic island arc, B¼ Continental island arc, C¼ Active
continental margin, D ¼ Passive continental margin.
H. Yin et al. / Geoscience Frontiers 7 (2016) 733e7417404.2. Trace and rare-earth elements
The trace and rare-earth element contenting of the samples are
listed in Table 3. Rare-earth element (REE) curves can be used for
provenance tracing. For example, rocks with similar REE patterns
tend to derive from the same source material (Bhatia and Crook,
1986; Roser et al., 1996; Zhao, 1997). REE chondrite-normalized
curves are illustrated in Fig. 12. The REE data are relatively uni-
form for the SD sandstones. For instance, the samples show small
negative Ce anomalies and some fractionation of light REE (avg. (La/
Sm)N > 1, avg. (Gd/Yb)N > 1). The average values of (La/Sm)N, (Gd/
Yb)N and light REE/heavy REE are greater than 1.00 for the sand-
stones, which reﬂects moderate fractionation of light REE relative
to heavy REE. Whereas, the samples with relatively high total REE
values indicate a proximal source area.
Some trace elements (REE, Y, Th, Nb, Zr, Hf and Sc) in the
sandstones are suitable for the provenance interpretation because
these elements have very low mobility and are probably incorpo-
rated into clastic sediments during weathering, transportation and
diagenesis (Bhatia and Crook, 1986; Zhao, 1997). Similarly to the
major elements in the sandstones, the trace element data of the
sandstones (Th/U, La/Th, La/Sc and Ti/Zr; Table 3) and the different
discrimination diagrams (Fig. 13) also reﬂect formation of the
sandstones in a tectonically active setting.5. Discussion and conclusions
The bioclastic limestones in the lower part of the SD section
indicate a stable carbonate platform environment, the volcanic
rocks in the middle of the section are diagnostic of a rift environ-
ment, and the conglomerates and sandstones indicate epiconti-
nental sea or marine molasse deposition. The environmental
interpretation of the SD section can be used to infer the tectonic
evolution process of the SD area from stable carbonate platform to
rift basin. The biostratigraphy sequence of theWSH section shows a
complete process of biological evolution from the late Carbonif-
erous to the early Permian. The reason Pseudoschwagerina sp. was
not detected in the SD area and the difference in the biostrati-
graphic ages between the SD and WSH areas is that the rift volca-
nism made the two sections are at different levels of the Amushan
Formation and different process of tectonic evolution.The geochemical characteristics of the sandstones demonstrate
that the provenance and formation of the sandstones was an active
continental margin setting. The Q-F-L distribution diagram in-
dicates that the sandstone provenance was a recycled orogenic belt
and the rock fragments of the sandstones are mostly sedimentary
rock fragments. Thus, the source area of the sandstones may have
been an active continental margin prior to the late Carbon-
iferouseearly Permian.
The regional tectonic evolution of the area involved volcanism
and sedimentation is consistent with that of the rifting type in
Mongolia, which was volcanism controlled by rifts in an
extensional setting rather than volcanism related to subduction in a
compressive regime (Wang et al., 1994). The study area may be a
small part of the GobieTianshan rift in southern Mongolia. This
ﬁnding indicates that the CAOB had already entered a continental-
crust evolution stage during the CarboniferousePermian in an
extensional tectonic setting (Xia et al., 2008; Shao et al., 2014).
Although, many problems remain to be solved in terms of the
tectonic setting of the Central Asian Orogenic Belt, including the
lack of information on the sedimentary sequence and paleontology,
the evidence gathered from the Paleozoic sedimentary construc-
tion of the CAOB broadens our understanding of the processes
involved in the formation and evolution of the region’s accretionary
belts and microcontinents during the Paleozoic.
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